Previous reports indicate that among healthy individuals low aerobic fitness (AF) and high body-mass index (BMI) predict poor neurocognition and daily-functioning. It is unknown whether these associations extend to disorders characterized by poor neurocognition, such as schizophrenia. Therefore, we compared AF and BMI in individuals with schizophrenia and non-clinical controls, and then within the schizophrenia group we examined the links between AF, BMI, neurocognition and daily-functioning. Thirty-two individuals with schizophrenia and 64 gender-and age-matched controls completed assessments of AF (indexed by VO 2 max) and BMI. The former also completed measures of neurocognition, daily-functioning and physical activity. The schizophrenia group displayed significantly lower AF and higher BMI. In the schizophrenia group, AF was significantly correlated with overall neurocognition (r ¼0.57), along with executive functioning, working memory, social cognition, and processing speed. A hierarchical regression analysis indicated that AF accounted for 22% of the neurocognition variance. Furthermore, AF was significantly correlated with overall daily-functioning (r ¼0.46). In contrast, BMI displayed significant inverse correlations with neurocognition, but no associations to daily-functioning. AF was significantly correlated physical activity. The authors discuss the potential use of AF-enhancing interventions to improve neurocognitive and daily-functioning in schizophrenia, along with putative neurobiological mechanisms underlying these links, including Brain-Derived Neurotrophic Factor.
Introduction
Individuals with schizophrenia display a broad range of neurocognitive deficits across multiple domains including working memory, executive function, attention, verbal and visual memory, processing speed, and social cognition (Gold, 2004; Nuechterlein et al., 2004) . These deficits have been identified as major determinants of poor functioning and disability (Barch and Keefe, 2010) , representing a serious public health concern (Green, 2007) . At present, available pharmacological and cognitive-remediation treatment approaches offer only minimal to limited benefits to ameliorate these deficits (Buchanan et al., 2011; Dixon et al., 2010; Javitt et al., 2012; McGurk et al., 2007; Vinogradov et al., 2013; Wykes et al., 2011) . Thus, there remains an urgent need to identify novel approaches to improve neurocognitive functioning in people with schizophrenia.
Aerobic fitness, body-mass index, and neurocognition: insights from basic science
The ability to execute goal-directed cognitive operations and function effectively is contingent, in part, on the capacity to mobilize resources in order to initiate activities and sustain them over time. Supporting this view, converging lines of animal and human research link aerobic fitness (AF) to neurocognitive functioning (Hillman et al., 2008; van Praag, 2008) . Specifically, among non-clinical populations, increases in AF have been found to predict improvements in neurocognitive functioning -in a meta-analysis of 29 randomized clinical trials with 2049 adults, increases in AF have been found to predict improvements in executive functioning, processing speed, attention, and declarative memory, with marginal support for working memory (Smith et al., 2010) . Additionally, improvements in AF have been found to counteract age-related memory decline (Colcombe and Kramer, 2003; Kramer et al., 1999) , delay onset of neurodegenerative diseases (Adlard et al., 2005; Kaspar et al., 2005) , as well as enhance recovery from brain injury (Gobbo and O'Mara, 2005; Grealy et al., 1999) . Altogether, these findings provide strong support for the link between AF and neurocognition. Along with AF, another physical indicator that attracted considerable interest for its link to neurocognition is body mass index (BMI), with the number of publications listed in PubMed that focus on this association growing 8-fold over the past decade (2002:18-2012:145) . Consistent with the AF-neurocognition findings, a recent meta-analysis found significant associations between higher BMI and poorer performance on measures of memory, attention and executive functioning among non-clinical individuals (Siervo et al., 2011) .
Aerobic fitness, body-mass index, and neurocognition: empirical findings in individuals with schizophrenia
Individuals with schizophrenia display a highly sedentary lifestyle that is associated with both low AF and high BMI (Daumit et al., 2005; Vancampfort et al., 2013; Vancampfort et al., 2011) . Consistent with reports among non-clinical populations, preliminary findings among individuals with schizophrenia suggest associations between low AF, high BMI, and neurocognitive difficulties. Pajonk et al., (2010) reported that improvements in AF among 16 males with schizophrenia were associated with enhancements in short-term memory, along with increases in hippocampal volume. Similarly, Friedman et al. (2010) found that higher BMI and hypertension in individuals with schizophrenia were associated with poor immediate, delayed and recognition memory. In another recent report, the number of metabolic syndrome symptoms, a correlate of AF and BMI, were associated with neurocognitive impairments (Boyer et al., 2013) .
While these findings are suggestive of links between low AF, high BMI, and poor neurocognitive functioning in people with schizophrenia, these associations have not been examined systematically to date despite their clinical relevance. Specifically, a number of important gaps in the literature remain unaddressed. First, previous studies in schizophrenia have focused primarily on memory indices. Thus, the links between AF, BMI and other domains of neurocognitive functioning remain undetermined. Second, the contribution of AF and BMI to neurocognitive deficits in people with schizophrenia is undetermined. Finally, it is unknown whether the putative associations between AF, BMI and neurocognition extend to "real-world" daily functioning.
The present study
The primary goals of the present study were (1) to confirm previously reported differences in AF and BMI between individuals with schizophrenia and healthy controls using "state-of-the-art" methodology; (2) to examine the links between AF, BMI, and neurocognition in the schizophrenia group and assess whether AF and BMI would predict neurocognitive functioning; and (3) to examine whether the putative associations between AF, BMI, and neurocognition would extend to "real world" daily functioning. We hypothesize that within the schizophrenia group, individuals with lower AF and higher BMI will display poorer neurocognitive functioning across multiple domains. Finally, we hypothesize that these associations will extend to daily functioning, with individuals with lower AF and higher BMI displaying poorer daily functioning.
Method

Participants
Data were obtained from two unrelated studies of aerobic fitness conducted at the New York State Psychiatric Institute (NYSPI) at the Columbia University Medical Center (CUMC). The studies were approved by the NYSPI's Institutional Review Board and all participants provided written informed consent. Participants were recruited from outpatient mental health clinics affiliated with the NYSPI/CUMC (schizophrenia), as well as advertising (non-clinical controls) and were medically cleared for participation in the fitness assessment using the American College of Sports Medicine's (2009) standards for exercise.
For the schizophrenia group, the inclusion criteria were a DSM-IV diagnosis of schizophrenia or related disorders; age 18-50 years; English-speaking, taking antipsychotic medication for at least 8 weeks and on current doses for 4 weeks and/or injectable depot antipsychotics with no change in last 3 months; and medically cleared by a physician to take part in a AF assessment. The exclusion criteria were a DSM-IV diagnosis of alcohol/substance abuse within the past month or alcohol/substance dependence within the past 6 months; a history of seizures or head trauma with loss of consciousness (41 h) resulting in cognitive sequelae and/or rehabilitation; significant clinical abnormalities in physical examination, electrocardiogram, or lab assessments; neurological/medical conditions that could interfere with study participation; untreated hyper-or hypothyroidism; extreme obesity (BMIZ40); recent use of street drugs (confirmed by urine toxicology tests); being pregnant/nursing; having serious suicidal/ homicidal risk; presence of moderate or more severe symptoms of disorganization (SAPS positive formal thought disorder global rating43); more than a mild level of depressive symptoms (BDI418); and participation in a study involving neurocognitive assessment in the previous 3 months. For the non-clinical group, the inclusion criteria were age 20-45 years and English-speaking. The exclusion criteria were taking antipsychotic medications; having current or past major depressive disorder; history of heart disease, hypertension, diabetes mellitus, asthma or neurological/medical conditions that could interfere with study participation; and being pregnant or nursing. A total of 32 individuals with a DSM-IV diagnosis of schizophrenia or related disorders (25 schizophrenia, 7 schizoaffective disorder) were included in the study along with 64 gender-and age-matched non-clinical controls. Their demographic and clinical data are presented in Table 1 .
Measures
Diagnostic and Clinical Assessments were established using The Structured Clinical Interview for DSM-IV (SCID-I). Clinical symptoms were assessed using the Aerobic fitness and body mass index were determined by a cardiopulmonary exercise test to establish VO 2 max, considered a "gold standard" index of AF. VO 2 max is an index of the maximum capacity of an individual's body to transport and use oxygen during incremental aerobic exercise, reflecting the individual's AF level. Assessments in both studies were supervised by one of the co-authors (MNB), a physician with extensive experience conducting cardiopulmonary assessments. The assessments in both studies were conducted in the same laboratory (the Human Performance Laboratory at Columbia University Medical Center), with identical lab technicians (one of the co-authors, HFA), equipment and assessment protocols. All tests were completed on weekdays, typically at $ 10 am. The tests were performed on an electronically-braked cycle ergometer (Ergometrics 800, SensorMedics Inc., Yorba Linda, CA) with a Viasys Encore metabolic cart (Viasys Corporation, Loma Linda, CA). The equipment was calibrated prior to every test. Continuous 12-lead telemetry was monitored via CardioSoft electro-cardiogram software (GE/CardioSoft, Houston, TX). Participants completed measurements of a 5-minute resting baseline, 3-minute of no-resistance warm-up, ramping exercise protocol of 10-15 W with maximum exercise norms reached in $ 12 min, followed by an active recovery of 3 min. During the test, the workload was increased 10-15 W every 1-minute until one of these criteria was reached: VO 2 plateau, 85% of maximal heart rate (220-age), respiratory quotientZ 1.1, or self-reported exhaustion as index by the Borg Scale (Borg, 1998) . We used VO 2 max peak (mL/kg/min) scores in all analyses. body mass index (BMI) was determined using an online calculator available at the web site of the U.S. Department of Health and Human Services' National Heart Lung and Blood Institute (http://nhlbisupport.com/ bmi/bminojs.htm) based on measurements of height and weight collected on the morning of the VO 2 max assessment using a SECA model 220 scale.
Neurocognition among the individuals with schizophrenia was assessed using the MATRICS Consensus Cognitive Battery (MCCB; Nuechterlein and Green, 2006) . The MCCB assesses functioning in several neurocognitive domains including processing speed, attention/vigilance, working memory, verbal learning, visual learning, reasoning and problem solving, and social cognition. The MCCB have been used widely in trials of neurocognition in schizophrenia (Buchanan et al., 2011; Javitt et al., 2012) . We used MCCB T-scores adjusted for age, gender, and demographics in all analyses. The primary variable of interest for neurocognition was the MCCB composite score.
Daily functioning among the individuals with schizophrenia was measured using The Specific Levels of Functioning scale (SLOF; Schneider and Struening, 1983) , a behavioral survey administered to an informant familiar with the study participant. The SLOF assess functioning and behavior across six domains including: physical functioning; personal care skills; interpersonal relationships; social acceptability; activities of community living; and work skills. The alpha coefficients for the various domains among 173 mental-health patients residing in the community were 0.57, 0.92, 0.92, 0.68, 0.95, and 0.93, respectively (Schneider and Struening, 1983) . The NIMH-sponsored Validation of Everyday Real-World Outcomes (VALERO) study found the SLOF to be most robustly related to performance-based measures of neurocognition and everyday living skills among individuals with schizophrenia (Harvey, 2011) . The primary variable of interest for daily functioning was the SLOF total score.
Degree of physical activity was assessed among the individuals with schizophrenia using "real world" behavioral and self-report measures. Physical activity during "Real World" functioning was assessed using actigraph devices (ActiGraph wGT3X þ monitors). Such devices offer a non-invasive method of monitoring human rest and physical activity behaviors and have been used successfully in studies of individuals with schizophrenia (Tahmasian et al., 2013) . Participants wore the actigraph devices around their waist over a continuous 36-hour period (10 am Day 1-10 pm Day 2), including during sleep time. All actigraph assessments were conducted during weekdays. Self-reports of physical activity were assessed using The International Physical Activity Questionnaire (IPAQ; Craig et al., 2003) . Responders were asked to report their physical activities during the previous week. The IPAQ was developed as an instrument for cross-national monitoring of physical activity and inactivity among 18-65-year-old adults in diverse settings. The IPAQ has been used successfully with individuals with schizophrenia and demonstrated measurement properties that are comparable to those reported in the general population (Faulkner et al., 2006) .
Statistical analyses
For group comparisons, we evaluated variables using two-tailed t-tests. Shapiro-Wilk tests indicated that all primary variables of interest were normally distributed (BMI (p ¼0.291), Aerobic fitness (p ¼ 0.052), neurocognition (p ¼0.918), and daily functioning (p ¼0.389)). Thus, associations between variables within the schizophrenia group were examined first using Pearson correlations coefficients, along with partial correlations controlling for depression and antipsychotic medication (as indexed by chlorpromazine equivalence; Woods, 2003) . We used the Holm's sequential Bonferroni procedure to reduce risk for type I error for correlational analyses. As the primary variables of interest were AF and BMI and their links to the summary scores of neurocognition and daily functioning, the initial significance level was set at p o 0.0125 ( ¼0.05/4) across the 4 correlations of the primary variables of interest. Significance levels for exploratory tests (sub-domains of neurocognition and daily functioning) were set at p o 0.05 for all tests. Finally, assessment of whether AF or BMI would predict neurocognition after controlling demographic and clinical variables was tested using hierarchical regression analyses. The MCCB overall composite score was entered as dependent variable, demographic and clinical variables were entered in block 1, and AF or BMI were entered in block 2. The statistical package IBM SPSS version 21.0 was employed for all data analyses.
Study procedures
After satisfying the inclusion and exclusion criteria, participants completed the diagnostic, clinical, AF, and BMI assessments. The individuals with schizophrenia also completed assessments of neurocognition and daily functioning along with behavioral and self-report measures of physical activity. All assessments were conducted during weekdays and were typically completed within 3 weeks of study entry. The raters conducting the neurocognitive and clinical assessments were blind to the participants' AF and BMI data, which were typically obtained last. Likewise, the physician and technician administering the VO 2 max tests were blind to the participants' neurocognitive and daily functioning data.
Results
Aerobic fitness and body mass index: comparison of individuals with schizophrenia and non-clinical controls
Comparison of the participants' mean AF, as indexed by VO 2 max (mL/kg/min), indicated significant group differences (t ¼ 4.78, p o0.001; d.f. ¼94), with the schizophrenia group displaying lower AF than the non-clinical control group (mean¼21.51, S.D.¼ 6.49 vs. mean ¼28.92, S.D. ¼6.99, respectively). The distribution of AF among the individuals with schizophrenia and nonclinical controls is presented in Fig. 1 .
Similarly, the schizophrenia group had significantly higher BMI compared to the non-clinical group (t ¼5.93, p o0.001; d.f. ¼94; mean ¼32.10, S.D. ¼6.07 vs. mean ¼26.05, S.D. ¼3.75, respectively). Among the schizophrenia group, 69% of participants were obese (BMI Z 30) and 28% were extremely obese (BMI Z35). As expected, there was a significant inverse association between AF and BMI among both groups (r ¼ À0.46, p o0.001; n ¼ 95).
Among the individuals with schizophrenia, assessment of daily physical activity as indexed by the actigraph devices indicated that in the course of the 36-hour assessment (2160 min), participants spent on average 81.4% of the assessment time engaged in sedentary behavior (1759.53 min, S.D. ¼ 228.96), defined as sitting or lying down. On average, only 5.7% of the time was spent engaged in moderate or more intense physical activity (123.48 min, S.D. ¼81.02; defined as walking or more intense physical activity). Both AF and BMI displayed significant correlations with the percentage of time individuals were engaged in such activities during daily functioning (r ¼ 0.41, p ¼0.05 and r ¼ À0.42, p ¼0.04, respectively). Likewise, self-reports of physical activity among the individuals with schizophrenia indicated that AF was significantly correlated with the number of minutes subject reported to engage in walking (r ¼ 0.56, p ¼0.007), doing moderately intense physical activity (r ¼0.65, p ¼0.001), and doing vigorously intense physical activity (r ¼0.60, p¼ 0.003) during the previous week. In contrast, BMI was not associated with selfreported physical activities. Altogether, these findings suggest that the AF, as an indexed of by VO 2max , corresponds with degree of physical activity among individuals with schizophrenia.
Previous reports indicated that obesity-related cardio-metabolic comorbidities (e.g., diabetes, hypertension, cardiovascular diseases) have been linked to cognitive decline in individuals with schizophrenia (Boyer et al., 2013) . To address the potential impact of such cardio-metabolic comorbidities, we recorded the presence of cardio-metabolic comorbidities for each participant with schizophrenia. Employing a strategy used by Boyer et al. (2013), we created a continuous variable indexing the number of cardiometabolic comorbidities criteria present. Accordingly, the number of cardio-metabolic comorbidities displayed a trend association with neurocognition (r ¼ À0.28, p ¼0.08) and no significant relationship with AF or daily functioning. Thus, we did not include cardio-metabolic comorbidities in any further analyses.
Association of aerobic fitness and body mass index with neurocognitive functioning
The mean neurocognitive functioning scores of participants with schizophrenia and their correlations with AF and BMI are presented in Table 2 . Neurocognitive functioning was not associated with age or gender. Overall, AF was significantly correlated with overall MCCB composite score (controlling for depression and antipsychotic medication indexed by Chlorpromazine equivalence; see Fig. 2 ). The results remain significant after correction using Holm's sequential Bonferroni procedure. Exploratory analyses indicated significant correlations with a number of MCCB neurocognitive domains including reasoning and problem solving, speed of processing, working memory, and social cognition, with a trend association with visual learning (controlling for depression and antipsychotic medication indexed by Chlorpromazine equivalence). Notably, the association between AF and MCCB social cognition was driven primarily by significant correlation between AF and the Social Management Task of the Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT; r ¼0.48, p ¼0.03).
Likewise, BMI displayed significant inverse correlations with the overall MCCB composite score (controlling for depression and antipsychotic medication). The results remain significant after correction using Holm's sequential Bonferroni procedure. Exploratory analyses indicated significant correlations between BMI and the MCCB domains of working memory, social cognition, and speed of processing (controlling for depression and antipsychotic medication).
To estimate the relative contribution of AF to neurocognitive functioning, an exploratory hierarchical step-wise multiple regression analysis was conducted with MCCB composite score entered as the dependent variable, demographic and clinical variables including age, gender, depression, avolition, delusions, hallucinations and antipsychotic medication entered in block 1, and AF entered in block 2. The overall model accounted for 46% of the MCCB composite score. After controlling for potential covariates, AF accounted for 22% of the MCCB composite score variance (F 1,31 ¼8.54, p ¼0.006), contributing uniquely to the model's validity (β¼0.46, t¼2.92, p ¼0.006). A similar regression analysis with BMI entered in block 2 indicated the overall model accounted for 37% of the MCCB composite score. After controlling for potential covariates, AF accounted for 14% of the MCCB composite score variance (F 1,31 ¼5.03, p¼ 0.032), contributing uniquely to the model's validity (β¼ À0.37, t¼ À2.24, p¼ 0.032). Ascertainment Table 2 Neurocognitive and daily functioning: mean, standard deviation, and association with aerobic fitness and body mass index. of the combined contributions of AF and BMI to neurocognitive functioning by adding the BMI to AF in block 2 did not contribute significantly to the model.
Association of aerobic fitness and body mass index with daily functioning
AF displayed an association with overall daily functioning as indexed by SLOF total score (see Table 2 ). This association remained significant after correction using Holm's sequential Bonferroni procedure. The association was driven primarily by AF's significant correlations with a number of daily functioning domains including work skills, physical functioning, daily activities, and interpersonal relationships (controlling for depression and anti-psychotic medication). Specifically, the association between AF and the SLOF work skills domain was propelled by relationships with SLOF work skills domain items as reported by informant including "Has Employable Skills" (r ¼ 0.63, p o0.01), "Works with Minimal Supervision" (r ¼0.49, p¼ 0.02), and "Completes Assigned Tasks" (r ¼ 0.48, p ¼0.03), controlling for depression and antipsychotic medication. In contrast, BMI was not associated with the SLOF total score or any of the SLOF sub-domains.
Discussion
To the best of our knowledge, the present study is the first to systematically characterize the associations between AF, BMI, neurocognition and daily functioning in individuals with schizophrenia.
Aerobic fitness and body mass index in individuals with schizophrenia
Consistent with published reports (Ozbulut et al., 2013; Daumit et al., 2005; Vancampfort et al., 2011) , the participants with schizophrenia displayed significantly lower AF along with significantly higher BMI compared to the non-clinical controls. Specifically, over twothirds of the schizophrenia participants were obese (BMI430), and a nearly a third were extremely obese (BMI435). These findings are in agreement with previous reports, which indicate that poor AF and sedentary behavior are highly prevalent among individuals with schizophrenia (Roick et al., 2007; Vancampfort et al., 2010) . Likewise, our actigraph and self-report physical activity data indicated a highly sedentary lifestyle -participants in our sample engaged in sedentary behavior on average $ 29 h and 20 min out of the 36 h assessment time (81%). Likewise, self-reports confirm that the vast majority of participants did not engaged in more than light physical activity during the previous week. Only a small minority (7%) engaged in exercise activity (42 h/week) approaching the guidelines recommended by the American College of Sports Medicine (ACSM) and the U.S. federal government (Physical Activity Guidelines for Americans, 2008). These findings are consistent with previous reports - Strassnig et al. (2011) reported that 98% of subjects with schizophrenia in their study displayed age-adjusted low AF. In other studies, 25-30% of individuals with schizophrenia reported no physical activity and only 30% were classified as being regularly active vs. 62% of healthy controls (Faulkner et al., 2006; Lindamer et al., 2008) . Similarly, the energy expenditure of individuals with schizophrenia has been found to be 20% lower than the ACSM's minimal recommendations (Sharpe et al., 2006) .
Impact of aerobic fitness and body mass index on neurocognition
The participants with schizophrenia displayed substantial deficits in neurocognitive functioning, obtaining MCCB scores one to one-and-half standard deviations below published means for healthy individuals (Nuechterlein and Green, 2006) . Supporting our hypothesis, AF was significantly correlated with overall neurocognitive functioning, as well as performance on multiple sub-domains including reasoning and problem solving, social cognition, speed of processing, and working memory. Moreover, AF significantly contributes to overall neurocognitive functioning, accounting for 22% of the MCCB composite score variance. These results are consistent with previously published reports among individuals with schizophrenia (Pajonk et al., 2010) , as well as healthy individuals (Smith et al., 2010) . Likewise, our group has previously found significant associations between cardiac vagal control, an index of parasympathetic contribution to cardiac regulation that is highly associated with AF, and enhanced executive functioning in a large and diverse sample of non-clinical individuals (Kimhy et al., 2013) , Results for BMI displayed similar pattern, with lower BMI being associated with better performance on working memory and social cognition neurocognitive domains. Similarly, BMI predicted 14% of the overall neurocognition variance. These results are consistent with previous reports among individuals with schizophrenia (Abdul Rashid et al., 2013; Friedman et al., 2010; Guo et al., 2013) and non-clinical populations (Stanek et al., 2013) , suggesting a small, but significant impact of BMI on neurocognition.
Impact of aerobic fitness and body mass index on daily functioning
The most intriguing finding of the present study was the association between AF and daily functioning. Specifically, better AF was significantly correlated with overall daily functioning (as indexed by informants' reports), as well as multiple subdomains including work skills, interpersonal relationships, and physical functioning. These findings are consistent with previous reports, suggesting enhanced AF is associated with improved functioning among individuals with schizophrenia (Vancampfort et al., 2012b) . However, in contrast to AF there were no significant associations between BMI and overall daily functioning or between BMI and any of the daily functioning sub-domains. The modest correlation found between AF and BMI is consistent with these results, suggesting AF is uniquely associated with daily functioning. Thus, despite the associations to a number of neurocognitive domains, BMI may not serve as useful target for interventions aiming to improve daily functioning in individuals with schizophrenia. These findings also add to a growing literature questioning the overall usefulness of using BMI as an index of physical health (Shah and Braverman, 2012) .
Aerobic fitness, neurocognition and daily functioning in schizophrenia: implications for development of interventions
Our findings have potentially important clinical implications, as they point to the possibility of utilizing AF-enhancing interventions as a novel strategy to enhance neurocognitive deficits in people with schizophrenia. The need for new strategies is particularly urgent given that available pharmacological and cognitiveremediation treatment approaches offer only minimal to limited benefits to ameliorate such deficits. To date, first-and secondgeneration antipsychotics have demonstrated minimal efficacy in improving neurocognition Keefe et al., 2007) . Similarly, results from NIMH's Treatment Units for Research of Neurocognition in Schizophrenia (TURNS) initiative to test novel pharmacological compounds targeting neurocognitive dysfunction have been disappointing (Buchanan et al., 2011; Javitt et al., 2012) . Cognitive remediation studies provided more promising results -a recent meta-analysis found a small to moderate effect size for improvement in neurocognition (Wykes et al., 2011) . However, concerns remain about previous trials' "real-world" efficacy and methodological rigor (Dixon et al., 2010; Vinogradov et al., 2013; Wykes et al., 2011) .
Because a sedentary person may experience as much as a 25% increase in AF after 8 weeks of aerobic exercise training (Wilmore et al., 2001) , it is reasonable to hypothesize that aerobic exercise can improve neurocognitive and daily functioning in individuals with schizophrenia. Previous studies have concluded that aerobic exercise training is feasible and acceptable to individuals with schizophrenia and that aerobic exercise training can increase AF in this population (Gorczynski and Faulkner, 2010; Vancampfort et al., 2012a) . Preliminary reports suggest that aerobic exercise training leads to increases in hippocampal volume and memory improvements in people with schizophrenia (Pajonk et al., 2010) . Additionally, AE have been found to reduced need of care along with symptoms of schizophrenia (PANSS Total Score) and depression, compared with occupational therapy (Scheewe et al., 2013) . Thus, low AF may potentially represent a unique modifiable risk factor for neurocognitive and functional difficulties in this population. Therefore, in addition to its well-documented cardiovascular, weight-management and other physical health benefits, aerobic exercise training may offer the potential to improve neurocognitive and daily functioning deficits in individuals with schizophrenia via a non-stigmatizing, side-effects-free, and cost-effective intervention. Future studies should aim to assess the efficacy and effectiveness of this treatment strategy.
Aerobic fitness and neurocognition in schizophrenia: putative neurobiological links
Our results invite speculation about the neurobiological mechanisms underlying the links between AF and neurocognitive dysfunction in schizophrenia. Improvement in neurocognitive functioning is related to the brain's neuroplasticity, which is dependent on the support of neurotrophins that signal neurons to survive, differentiate and grow (Hennigan et al., 2007; Vaynman and Gomez-Pinilla, 2005) . Among neurotrophins, Brain-Derived Neurotrophic Factor (BDNF) has been found to be particularly relevant to such processes as BDNF is the most abundant in the growth factor family (Binder and Scharfman, 2004) , has a wide repertoire of neurotrophic and neuroprotective properties (Castren et al., 1998; Knaepen et al., 2010) , and an extensive literature indicates that low serum-BDNF has negative pleiotropic effects on neurocognition (Casey et al., 2009 ). Germane to the links between AF and neurocognition, aerobic exercise training is known to induce a cascade of molecular and cellular processes that mediate brain plasticity (Hennigan et al., 2007; Johnston, 2009; van Praag, 2009) . Specifically, among neurotrophins, BDNF has been found to be the most susceptible to regulation by physical activity (Johnston, 2009) , with synthesis and release into the blood circulation increasing in a dose-response manner (Rasmussen et al., 2009; Seifert et al., 2010) . Consistent with this view, a meta-analysis of 16 studies found lower serum BDNF levels in individuals with schizophrenia compared to healthy controls , including drug-naïve patients (Jindal et al., 2010; Rizos et al., 2008) . Likewise, lower serum BDNF has been linked to poor short-term memory (Zhang et al., 2012) and smaller hippocampal volume (Rizos et al., 2011) in this population. Altogether, these converging lines of research provide support for a putative model in which aerobic exercise-related increases in AF leads to BDNF up-regulation, resulting in enhanced neurocognitive functioning. Future studies should aim to experimentally test and confirm this model in individuals with schizophrenia.
Limitations
Our study has a number of potential limitations. First, given the cross-sectional design and the relatively small sample size, our findings should be considered preliminary until replicated by other research groups. While a larger sample size would have been clearly preferable, the highly significant results provide support for our conclusions and represent the first systematic characterization of the links between AF, BMI, neurocognition, and daily functioning in people with schizophrenia. Thus, our findings represent an important, though admittedly preliminary, examination of these links.
Second, given the relatively small sample size and the differences in BMI between the individuals with schizophrenia and healthy controls, we did not match the samples for BMI. Thus, it cannot be excluded that differences in aerobic fitness between the groups are due to differences in BMI. Future studies comparing AF should control for potential BMI group differences.
Third, our daily functioning data were based on informants' reports, rather than objective measures of functioning. Future studies should aim to replicate these findings with laboratory measures of functioning. Additionally, the lack of association between AF and the SLOF domains of personal care skills and social acceptability was potentially a result of a "ceiling" effect, as most participants in our sample received scores within the very upper limit range of these domains. This response pattern may be due to unique sample characteristics -outpatient individuals with schizophrenia who elect to participate in research and therefore less likely to have deficits in these functional domains. Alternatively, the SLOF may potentially have lower sensitivity to accurately discern functioning in these domains.
Finally, previous reports indicate that measurements of VO 2 max among individuals with extreme obesity (BMI 440) are less precise due to distinct hemodynamic parameters in this population (Fornitano and Godoy, 2010) . Thus, we elected to exclude from our study individuals with such extreme obesity levels. As a result, until supported by further studies, our findings should not be generalized to individuals with schizophrenia with extreme obesity (BMI Z40).
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